The discharge resistor is only used in case of electrical trip to reduce the field current as fast as possible and to minimize the damages produced by the short-circuit current supplied by the synchronous machine. The connection of the discharge resistor is done by opening the field breaker and it implies a large negative voltage in the field winding. This negative voltage is limited to 80% of the winding insulation voltage. On the other hand, in case of a transient de-excitation, at the first moment, the automatic voltage regulator (AVR) reduces the field voltage to the minimum. In case of one-quadrant rectifier type AVR, the minimum voltage is zero and in case of two-quadrant rectifier AVR, the minimum voltage is close to the ceiling voltage with negative polarity. In both cases, the minimum voltages are much smaller than the negative voltage produced by the connection of the discharge resistor. This paper presents a new system that improves the transient de-excitation of synchronous machines using the discharge resistor by an additional static field breaker (SFB). The control of the static field breaker and consequently the connection and disconnection of the discharge resistor is done based on the output field voltage supplied by the AVR. This allows the exciter field current to be reduced in a faster way and continue with the normal operation of the machine after the transient. In this study, the correct operation of the additional static field breaker (SFB) has been validated by computer simulations and experimental test in a 15 MVA generator comprising a commercial one-quadrant rectifier AVR type obtaining excellent results.
Introduction
Nowadays there are mainly two excitation systems in the market, static and brushless [1] . The static excitation system directly feeds the field winding of the synchronous machine, hence requires slipping rings and brushes which creates problems for maintenance [2] . However, the control of the field current could be performed in a fast way, so the transient response is swift [3] .
On the other hand, the brushless excitation systems require an additional electrical machine, called exciter, which feeds the field winding of the main machine [4] [5] [6] . This system does not require slipping rings or brushes; however, the field winding is not accessible for de-excitation [7, 8] .
One of the main disadvantages of brushless synchronous machines is that the rotating diodes do not allow a fast de-excitation, as the minimum voltage in the diode bridge is zero. Numerous systems have been developed to address this issue. One very common technique is the use of a rotating coupling (M f ), and the stator winding inductance (L d ). At no-load condition, the time constant (2) only depends on the field winding impedance, that is the ratio between inductance (L f ) and resistance (R f ). In any case, the time constants are inversely proportional to the resistance of the field winding.
These time constants determine the de-excitation process in the event of a transient de-excitation or in case of internal failure in a synchronous machine. In case a discharge resistor (R d ) was connected, the time constant of the machine diminishes, as presented in (3) and (4) .
The higher the value of the discharge resistor (R d ), the lower is the de-excitation time. However, the voltage in the rotor is proportional to the discharge resistor and the excitation current at the beginning of the de-excitation. So, the maximum value of the discharge resistor (R d ) should not damage the rotor insulation. In the case of the static excitation system, the connection of a discharge resistor can be done easily, so the transient response in case of field suppression is excellent.
The behavior of the brushless synchronous machines is worse for three reasons: first, the exciter (another additional synchronous machine) that enlarges the time constants; second, the absence of brushes does not easily connect the auxiliary circuit for field suppression; and third, the rotating diodes prevent the rotor from negative voltage feed.
For brushless synchronous machines, the usual value of the time constant is in the range of 0.5-1 s for T' d (1) and 5-9 s for T' d0 (2) . So, in case of an internal failure in the machine, the damage will probably be critical, even if the electrical protection system operates correctly, as the current supplied by the machine will last several seconds.
Brushless De-Excitation System State of the Art
The de-excitation, in case of electrical trip, is done using a discharge resistor connected by the field breaker. There are mainly two different configurations depending on the field breaker and type of rectifier, as shown in Figures 1 and 2 . resistor placed in the rotor. The connection of the resistor is done by complex systems to initiate the de-excitation. In the case of the Reference [9] , the control of the discharge resistor is done by a semiconductor controlled by slipping rings and brushes. On the other hand, in the case of References [10, 11] , the control is done by a complex rotating transformer. Furthermore, there are some techniques based on rotating thyristor bridges [12, 13] . 
High-Speed Brushless De-Excitation System (HSBDS)
One method to improve the problem imposed by the rotating diodes bridge has been developed by the authors. It is a fast de-excitation system called high-speed brushless de-excitation system (HSBDS), the detailed principles of operation of the de-excitation system were described in Reference [19] . In this section, only a brief description of the HSBDS is presented because some tests of the new system SFB in combination with HSBDS are presented.
The HSBDS system comprises a discharge resistor connected between the rotating diodes and the field winding of the main generator by a static switch ( Figure 3 ). The static switch is operated by the analysis of the voltage measured at the rotating diodes by a control circuit. Therefore, it is not necessary for any external signal via radio, special transformers, or slip rings. The excitation system and the AVR scheme should remain the same as in a conventional brushless machine. Only if field suppression was required, the static switch would be closed and the discharge resistor connected.
A simplified diagram of the HSBDS during normal operation is presented in Figure 3a . In this case, the AVR supplies a current (If exc) that flows through the exciter field winding. This induces an AC voltage in the armature windings of the exciter. Hence, a current flow through the rotating diodes and feeds the main synchronous generator field winding with (If). As a result, there is a positive polarity voltage at the diode bridge (Ubridge) and therefore at the field winding (Uf). The positive polarity voltage measured by control circuit close the static switch. Consequently, the field current goes from the diode bridge to the field winding through the static switch. In Figure 1 an automatic voltage regulator (AVR) one-quadrant Insulated Gate Bipolar Transistor (IGBT) rectifier type is shown in combination with a single pole field breaker. In this configuration, the discharge resistor is connected when the field breaker is open in case of shutdown. While in case of transient de-excitation the minimum voltage supply by the AVR is zero, consequently the de-excitation of the field winding of the exciter is not very fast.
In Figure 2 two-quadrant thyristors rectifier AVR type is shown in combination with a three poles field breaker. The discharge resistor is connected by a normally closed pole of the field breaker. In case of transient de-excitation, the thyristor bridge firing angle can raise 150 • and supply negative voltage, this voltage is around 1.5 times the rated excitation voltage. In this case, the de-excitation of the field winding of the exciter is faster.
The main problem of the de-excitation is related to the rotating diodes. In order to improve the de-excitation time constant of synchronous machines, some techniques have been developed. Most of these techniques are based on the fast dissipation of the magnetic energy of the rotor in a rotating resistor placed in the rotor. The connection of the resistor is done by complex systems to initiate the de-excitation. In the case of the Reference [9] , the control of the discharge resistor is done by a semiconductor controlled by slipping rings and brushes. On the other hand, in the case of References [10, 11] , the control is done by a complex rotating transformer. Furthermore, there are some techniques based on rotating thyristor bridges [12, 13] .
The HSBDS system comprises a discharge resistor connected between the rotating diodes and the field winding of the main generator by a static switch (Figure 3 ). The static switch is operated by the analysis of the voltage measured at the rotating diodes by a control circuit. Therefore, it is not necessary for any external signal via radio, special transformers, or slip rings. The excitation system and the AVR scheme should remain the same as in a conventional brushless machine. Only if field suppression was required, the static switch would be closed and the discharge resistor connected.
A simplified diagram of the HSBDS during normal operation is presented in Figure 3a . In this case, the AVR supplies a current (I f exc ) that flows through the exciter field winding. This induces an AC voltage in the armature windings of the exciter. Hence, a current flow through the rotating diodes and feeds the main synchronous generator field winding with (I f ). As a result, there is a positive polarity voltage at the diode bridge (U bridge ) and therefore at the field winding (U f ). The positive A simplified diagram of the HSBDS during de-excitation process is displayed in Figure 3b . In case of electrical trip in the brushless synchronous generator, the field breaker will open. So, the current of the exciter field winding will be quickly reduced. Therefore, the diode bridge voltage will be also reduced. A voltage will be induced in the field winding of the main generator with inverse polarity, as the winding is very inductive. So, the current through the winding does not change suddenly, nor does the magnetic flux. This inverse voltage, in the main machine field winding, makes the voltage in the diode bridge becomes negative. At this moment, the control circuit will turn off the static switch. So, the field current will go through the discharge resistor (Rd) as presented in Figure  3b . By adding the discharge resistor in the circuit this system diminishes the de-excitation time constant of the main synchronous machine considerably as expressed in (3) and (4) . By appropriate dimensioning of the discharge resistance, the resultant transient response of the brushless generator can thus be made comparable to that of a static excitation generator.
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Operation Principle of Transient Use of the Discharge Resistor by Static Field Breaker (SFB)
A brushless excitation system comprises two synchronous machines, an exciter and a main synchronous machine, which rotate together at the same shaft. The exciter is small in comparison to the main machine, as it is only dimensioned to supply the power needed by the field winding of the main synchronous machine through a rotating diode bridge. The exciter has the field winding in the stator and the armature winding in the rotor, which is not the normal configuration for synchronous machines.
One of the main problems of the brushless configuration is the delay which the exciter introduces in case of field current change. The exciter behaves as a first-order system with typical time constants of 100-500 ms.
Most of the brushless excitation systems have an automatic voltage regulator (AVR) comprising one-quadrant rectifier as shown in Figure 4 . So, it is not possible to feed the exciter field winding with negative voltage. A simplified diagram of the HSBDS during de-excitation process is displayed in Figure 3b . In case of electrical trip in the brushless synchronous generator, the field breaker will open. So, the current of the exciter field winding will be quickly reduced. Therefore, the diode bridge voltage will be also reduced. A voltage will be induced in the field winding of the main generator with inverse polarity, as the winding is very inductive. So, the current through the winding does not change suddenly, nor does the magnetic flux. This inverse voltage, in the main machine field winding, makes the voltage in the diode bridge becomes negative. At this moment, the control circuit will turn off the static switch. So, the field current will go through the discharge resistor (R d ) as presented in Figure 3b . By adding the discharge resistor in the circuit this system diminishes the de-excitation time constant of the main synchronous machine considerably as expressed in (3) and (4) . By appropriate dimensioning of the discharge resistance, the resultant transient response of the brushless generator can thus be made comparable to that of a static excitation generator.
One of the main problems of the brushless configuration is the delay which the exciter introduces in case of field current change. The exciter behaves as a first-order system with typical time constants of 100-500 ms. In case of de-excitation in normal operation (not in case of machine trip), the AVR will reduce the voltage to feed the exciter field winding. In this case, the time constant will be the own time constant of the winding L/R, neglecting the voltage drop in the freewheel diode. The equivalent circuit is presented in Figure 5 .
In order to get a faster de-excitation, the proposed solution is based on the transient use of the discharge resistor to decrease the time constant of the circuit. For that purpose, it has been necessary to install an additional static field breaker (SFB) ( Figure 6 ). This SFB can connect and disconnect the discharge resistor quickly, as it is connected in series to the field breaker. In normal operation, the field breaker is closed as well as the SFB. This represents a small voltage drop across the SFB (typically around 1.5 V), and therefore some losses. However, if the SFB is open the discharge resistor can be connected transiently in the circuit. In case of transient de-excitation in normal operation, the AVR will reduce the exciter field winding voltage and the SFB will open. Therefore, the time constant will be reduced because the total resistance of the circuit will be the field winding resistance and the discharge resistor. In this case, the negative voltage in the field winding is proportional to the value of the discharge resistor and the excitation current (Rd × If). The normal practice is dimensioning the discharge resistor to reach 80% of the maximum insulation voltage of the winding for the maximum excitation current. There are some machines which use nonlinear In case of de-excitation in normal operation (not in case of machine trip), the AVR will reduce the voltage to feed the exciter field winding. In this case, the time constant will be the own time constant of the winding L/R, neglecting the voltage drop in the freewheel diode. The equivalent circuit is presented in Figure 5 . In case of de-excitation in normal operation (not in case of machine trip), the AVR will reduce the voltage to feed the exciter field winding. In this case, the time constant will be the own time constant of the winding L/R, neglecting the voltage drop in the freewheel diode. The equivalent circuit is presented in Figure 5 .
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In order to get a faster de-excitation, the proposed solution is based on the transient use of the discharge resistor to decrease the time constant of the circuit. For that purpose, it has been necessary to install an additional static field breaker (SFB) ( Figure 6 ). This SFB can connect and disconnect the discharge resistor quickly, as it is connected in series to the field breaker. In normal operation, the field breaker is closed as well as the SFB. This represents a small voltage drop across the SFB (typically around 1.5 V), and therefore some losses. However, if the SFB is open the discharge resistor can be connected transiently in the circuit. In case of transient de-excitation in normal operation, the AVR will reduce the exciter field winding voltage and the SFB will open. Therefore, the time constant will be reduced because the total resistance of the circuit will be the field winding resistance and the discharge resistor. In this case, the negative voltage in the field winding is proportional to the value of the discharge resistor and the excitation current (Rd × If). The normal practice is dimensioning the discharge resistor to reach 80% of the maximum insulation voltage of the winding for the maximum excitation current. There are some machines which use nonlinear In order to get a faster de-excitation, the proposed solution is based on the transient use of the discharge resistor to decrease the time constant of the circuit. For that purpose, it has been necessary to install an additional static field breaker (SFB) ( Figure 6 ). This SFB can connect and disconnect the discharge resistor quickly, as it is connected in series to the field breaker. In case of de-excitation in normal operation (not in case of machine trip), the AVR will reduce the voltage to feed the exciter field winding. In this case, the time constant will be the own time constant of the winding L/R, neglecting the voltage drop in the freewheel diode. The equivalent circuit is presented in Figure 5 .
In order to get a faster de-excitation, the proposed solution is based on the transient use of the discharge resistor to decrease the time constant of the circuit. For that purpose, it has been necessary to install an additional static field breaker (SFB) ( Figure 6 ). This SFB can connect and disconnect the discharge resistor quickly, as it is connected in series to the field breaker. In normal operation, the field breaker is closed as well as the SFB. This represents a small voltage drop across the SFB (typically around 1.5 V), and therefore some losses. However, if the SFB is open the discharge resistor can be connected transiently in the circuit. In case of transient de-excitation in normal operation, the AVR will reduce the exciter field winding voltage and the SFB will open. Therefore, the time constant will be reduced because the total resistance of the circuit will be the field winding resistance and the discharge resistor. In this case, the negative voltage in the field winding is proportional to the value of the discharge resistor and the excitation current (Rd × If). The normal practice is dimensioning the discharge resistor to reach 80% of the maximum insulation voltage of the winding for the maximum excitation current. There are some machines which use nonlinear In normal operation, the field breaker is closed as well as the SFB. This represents a small voltage drop across the SFB (typically around 1.5 V), and therefore some losses. However, if the SFB is open the discharge resistor can be connected transiently in the circuit. In case of transient de-excitation in normal operation, the AVR will reduce the exciter field winding voltage and the SFB will open. Therefore, the time constant will be reduced because the total resistance of the circuit will be the field winding resistance and the discharge resistor. In this case, the negative voltage in the field winding is proportional to the value of the discharge resistor and the excitation current (R d × I f ). The normal practice is dimensioning the discharge resistor to reach 80% of the maximum insulation voltage of the winding for the maximum excitation current. There are some machines which use nonlinear discharge resistors to reach always the maximum negative voltage with any value of excitation current.
In this way, the excitation current reduces in a very fast way ( Figure 7 ). It is remarkable that the de-excitation speed is faster than in the case of a 2-quadrant AVR where the negative voltage only reaches the ceiling voltage. Because the ceiling voltage is normally 1.5 times the rated excitation voltage, for any field current.
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In this way, the excitation current reduces in a very fast way ( Figure 7 ). It is remarkable that the de-excitation speed is faster than in the case of a 2-quadrant AVR where the negative voltage only reaches the ceiling voltage. Because the ceiling voltage is normally 1.5 times the rated excitation voltage, for any field current. The control of the SFB could be done by the AVR through a digital output which turns on or turns off the static field breaker. Another possibility is the use of an external controller, as we present in this work. It meters the voltage supply to the field winding from the AVR, in case the voltage was close to zero the controller will open the SFB. In both cases, the control of the SFB is based on measuring the AVR output and in case it is less than an adjustable value.
After the transient de-excitation, the static switch must be turned off, disconnecting the discharge resistor from the field winding circuit. Therefore, the machine will continue the normal operation.
It is also remarkable that a hysteresis comparator must be programmed in order to avoid unwanted rebounds in the connection and disconnection of the discharge resistor.
Operation of SFB and HSBDS
The use of the SFB system together with the HSBDS is interesting. As explained in the last section, the control of the HSBDS is made by a comparison between the diodes bridge voltage and a threshold value so the control of this voltage in the optimal way is important. Since the SFB significantly decreases the constant time in the exciter, the diodes bridge voltage decreases faster and consequently the HSBDS will operate before.
If an important reduction in the main generator magnetic flux is needed, the AVR reduces the voltage in the exciter field winding and the SFB connects the discharge resistor demagnetizing the exciter. Consequently, the rotating diode bridge voltage decreases quickly and the HSBDS inserts the discharge resistor in the main generator field winding, thus the response time of the brushless machine with SFB and HSBDS will be like the static excitation system.
Simulations of the Proposed Static Field Breaker (SFB) System
In order to verify the operation and the advantages previously presented, numerous simulations have been made by using the Simpower System ® of Matlab ® Version 9.2 (2018b) software. The generator model [23] and the exciter model [24] have been largely used. The simulation model comprises the main generator, the complete excitation system, including the exciter, the static circuit breaker, and the discharge resistor (Figure 8 ). All the data correspond to a 40 MVA brushless hydro generator. The characteristics are shown in Appendix A Tables A1 and A2 for the generator and the exciter, respectively. Furthermore, the novel SFB which affects the excitation current in the exciter has been included, as well as the HSBDS. The control of the SFB could be done by the AVR through a digital output which turns on or turns off the static field breaker. Another possibility is the use of an external controller, as we present in this work. It meters the voltage supply to the field winding from the AVR, in case the voltage was close to zero the controller will open the SFB. In both cases, the control of the SFB is based on measuring the AVR output and in case it is less than an adjustable value.
Operation of SFB and HSBDS
Simulations of the Proposed Static Field Breaker (SFB) System
In order to verify the operation and the advantages previously presented, numerous simulations have been made by using the Simpower System ® of Matlab ® Version 9.2 (2018b) software. The generator model [23] and the exciter model [24] have been largely used. The simulation model comprises the main generator, the complete excitation system, including the exciter, the static circuit breaker, and the discharge resistor (Figure 8 ). All the data correspond to a 40 MVA brushless hydro The excitation corresponds to a conventional brushless excitation system. It will be considered as the reference.
-SFB.
Beside the brushless excitation system, the additional SFB is included in the exciter field winding, so the exciter discharge resistor could be temporally connected to the exciter field winding.
-HSBDS.
In this case, the HSBDS is installed in the field winding of the main synchronous machine. So, a rotating discharge resistor could be connected in the field winding of the main generator in case of the magnetic flux reduction. The AVR is connected to the exciter field winding only with the conventional field breaker.
-SFB + HSBDS.
In the last case, both systems are installed in the 40 MVA generator, the SBF and the HSBDS in the exciter and in the main machine field windings, respectively. Therefore, in case of magnetic flux reduction, the SBF will insert the discharge resistor in the exciter field winding and the HSBDS will insert the rotating discharge resistor in the main machine field winding.
Rated Voltage No-Load De-Excitation Simulations
The first simulations correspond to a de-excitation from rated voltage and no-load conditions. In these simulations, the generator voltage setpoint is altered from rated voltage to zero.
In these simulations, one can observe that the greatest de-excitation time corresponds to the conventional brushless, as the stator voltage decrease to zero in more than 10 s (Figure 9 ). When using the SFB the de-excitation time is slightly reduced, around 500 ms. The use of HSBDS notably improves the de-excitation time, because a discharge resistor is inserted in the field winding of the main machine. In Figure 10 , the negative rotor voltage can be seen when the rotating discharge resistor is connected, in case of use of the HSBDS.
The fastest response corresponds to the combination of HSBDS and SFB, thanks to the discharge resistors connected in the field winding of the exciter and main machine respectively. In this Furthermore, the novel SFB which affects the excitation current in the exciter has been included, as well as the HSBDS.
The simulations for the 40 MVA hydro generator have been performed for four different excitation systems:
-Conventional brushless excitation system. The excitation corresponds to a conventional brushless excitation system. It will be considered as the reference.
-SFB. Beside the brushless excitation system, the additional SFB is included in the exciter field winding, so the exciter discharge resistor could be temporally connected to the exciter field winding.
-HSBDS. In this case, the HSBDS is installed in the field winding of the main synchronous machine. So, a rotating discharge resistor could be connected in the field winding of the main generator in case of the magnetic flux reduction. The AVR is connected to the exciter field winding only with the conventional field breaker.
-SFB + HSBDS. In the last case, both systems are installed in the 40 MVA generator, the SBF and the HSBDS in the exciter and in the main machine field windings, respectively. Therefore, in case of magnetic flux reduction, the SBF will insert the discharge resistor in the exciter field winding and the HSBDS will insert the rotating discharge resistor in the main machine field winding.
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Step-Down Voltage Setpoint Simulations
The second set of simulations corresponds to a step-down in the voltage setpoint of the AVR. This is the normal way to test the response in generators during commissioning. In this simulation, the reference voltage in the AVR has suddenly changed from rated voltage to 80% rated voltage. Figure 12 illustrates stator voltage for the four cases. The conventional brushless has the slowest response. When using the SFB, the response is similar, though it occurs around 500 ms in advance due to the insertion of the exciter discharge resistor. Figure 12 illustrates stator voltage for the four cases. The conventional brushless has the slowest response. When using the SFB, the response is similar, though it occurs around 500 ms in advance due to the insertion of the exciter discharge resistor.
The use of HSBDS allows reducing the voltage in a faster way because the insertion of the rotor discharge resistor reduces the field current quickly. The SFB + HSBDS has the fastest response because the exciter discharge resistor makes it possible for the HSBDS to operate around 500 ms in advance.
In Figure 13 , the rotor voltages are presented. With the use of the HSBDS, the voltage becomes negative in the first part of the transient response. Figure 14 shows the voltages supplied by the AVR to the exciter field winding. The transient responses of the regulator are different in the four cases because the stator voltages are also different.
In the cases where the SFB is used, the voltage becomes negative when the exciter discharge resistor is connected. The value in these cases is close to −2.25 times the rated voltage. In the other two cases, the exciter field voltage is zero.
Figure 12.
Step-down voltage setpoint simulation results at no-load for 40 MVA synchronous generator. Stator voltage. The use of HSBDS allows reducing the voltage in a faster way because the insertion of the rotor discharge resistor reduces the field current quickly. The SFB + HSBDS has the fastest response because the exciter discharge resistor makes it possible for the HSBDS to operate around 500 ms in advance.
In Figure 13 , the rotor voltages are presented. With the use of the HSBDS, the voltage becomes negative in the first part of the transient response.
Step-Down Voltage Setpoint Simulations
The second set of simulations corresponds to a step-down in the voltage setpoint of the AVR. This is the normal way to test the response in generators during commissioning. In this simulation, the reference voltage in the AVR has suddenly changed from rated voltage to 80% rated voltage. Figure 12 illustrates stator voltage for the four cases. The conventional brushless has the slowest response. When using the SFB, the response is similar, though it occurs around 500 ms in advance due to the insertion of the exciter discharge resistor.
In the cases where the SFB is used, the voltage becomes negative when the exciter discharge resistor is connected. The value in these cases is close to −2.25 times the rated voltage. In the other two cases, the exciter field voltage is zero. In the cases where the SFB is used, the voltage becomes negative when the exciter discharge resistor is connected. The value in these cases is close to −2.25 times the rated voltage. In the other two cases, the exciter field voltage is zero. Step-down voltage setpoint simulation results at no-load for 40 MVA synchronous generator. Excitation voltage.
Static Field Breaker (SFB) Laboratory Experimental Test in a 15 MVA Synchronous Machine
Experimental Setup
The tests were performed in a 15 MVA, 13 kV, 1000 rpm synchronous generator with an exciter and a commercial one-quadrant AVR. Figure 15 shows the experimental setup, comprising a main generator (15 MVA), the exciter, and a field breaker. The characteristics are shown in Appendix B Tables A3 and A4 for the generator and the exciter, respectively. Using special switch-disconnector equipment, the stator winding can be connected in four different configurations, so it is possible to test in different stator voltages. Moreover, in the experimental setup, there are voltage transformers and slipping ring for metering purpose.
The experimental setup has some special features compared to a conventional generator; a simplified schema is shown in Figure 16 . Firstly, three slip rings are installed in order to take measurements. A copper bar (HSBDS disconnector Figure 16 ) could be connected in parallel to the static switch, in this condition, the machine operates as a conventional brushless.
During the test, the commercial AVR used does not allow to configure the digital output for special purpose. So, the SFB control is done externally by an Arduino Nano ® V3.0 microcontroller (Figure 17a ). This controller measures the excitation voltage supply by the AVR. In case the voltage is close to zero, the SFB should be open. When the AVR output is greater than an adjustable value the SFB will be close again. Step-down voltage setpoint simulation results at no-load for 40 MVA synchronous generator. Excitation voltage.
Static Field Breaker (SFB) Laboratory Experimental Test in a 15 MVA Synchronous Machine
Experimental Setup
The tests were performed in a 15 MVA, 13 kV, 1000 rpm synchronous generator with an exciter and a commercial one-quadrant AVR. Figure 15 shows the experimental setup, comprising a main generator (15 MVA), the exciter, and a field breaker. The characteristics are shown in Appendix B Tables A3 and A4 for the generator and the exciter, respectively. Using special switch-disconnector equipment, the stator winding can be connected in four different configurations, so it is possible to test in different stator voltages. Moreover, in the experimental setup, there are voltage transformers and slipping ring for metering purpose. Step-down voltage setpoint simulation results at no-load for 40 MVA synchronous generator. Excitation voltage.
Static Field Breaker (SFB) Laboratory Experimental Test in a 15 MVA Synchronous Machine
Experimental Setup
During the test, the commercial AVR used does not allow to configure the digital output for special purpose. So, the SFB control is done externally by an Arduino Nano ® V3.0 microcontroller (Figure 17a ). This controller measures the excitation voltage supply by the AVR. In case the voltage is close to zero, the SFB should be open. When the AVR output is greater than an adjustable value the SFB will be close again. The experimental setup has some special features compared to a conventional generator; a simplified schema is shown in Figure 16 . Firstly, three slip rings are installed in order to take measurements. A copper bar (HSBDS disconnector Figure 16 ) could be connected in parallel to the static switch, in this condition, the machine operates as a conventional brushless.
During the test, the commercial AVR used does not allow to configure the digital output for special purpose. So, the SFB control is done externally by an Arduino Nano ® V3.0 microcontroller (Figure 17a ). This controller measures the excitation voltage supply by the AVR. In case the voltage is close to zero, the SFB should be open. When the AVR output is greater than an adjustable value the SFB will be close again. The SFB is shown in Figure 17b , it is based on a commercial static solid relay. The voltage drop in normal operation is less than 1.55 V, so the losses at rated operation conditions represent less than 14.4 Watts (<9.3 A × 1.55 V).
The maximum voltage and current of the SFB should be the same as the conventional field breaker. The maximum current corresponds to a short-circuit when the automatic voltage regulator goes to ceiling voltage. On the other hand, the maximum voltage is determinate by the product of the maximum current and the discharge resistor. The components of the HSBDS, rotating discharge resistor, control card, and static switches are shown in Figure 17c .
Tests Results
The laboratory setup has no possibility to be connected to the mains. For this reason, the tests performed correspond to step-down AVR voltage setpoint at no-load condition.
The configuration considered is as follow:
-Brushless.
The excitation corresponds to a conventional brushless excitation. In these tests, the disconnector of the HSBDS is closed and the SFB is closed.
An additional static field breaker (SFB) in series is installed in the main field breaker (FB). The control of the SFB is externally given to the AVR by a microcontroller. The SFB is shown in Figure 17b , it is based on a commercial static solid relay. The voltage drop in normal operation is less than 1.55 V, so the losses at rated operation conditions represent less than 14.4 Watts (<9.3 A × 1.55 V).
The configuration considered is as follow: -Brushless.
-SFB. An additional static field breaker (SFB) in series is installed in the main field breaker (FB). The control of the SFB is externally given to the AVR by a microcontroller.
In this case, the HSBDS disconnector is open and the HSBDS is in operation. The control of the SFB is closed.
-SFB + HSBDS. In this mode, both systems are in operation, the SBF and the HSBDS. Therefore, the control of SBF is in operation and the disconnector is open.
The results of the experimental tests are very similar to the simulations presented in the previous section. The first set of tests was conducted by exciting the machine at rated voltage and speed with no load and after change the setpoint of the AVR from rated voltage to zero. Different de-excitation time responses were obtained.
The results are presented in Figure 18 . As it was expected, the slowest de-excitation time corresponds to the conventional brushless system. The use of SFB improves around 400 ms in the response time. Better improvements are obtained by using the HSBDS. However, the combination of both systems, SFB + HSBDS, makes the operation even faster.
In this mode, both systems are in operation, the SBF and the HSBDS. Therefore, the control of BF is in operation and the disconnector is open.
The results of the experimental tests are very similar to the simulations presented in the previous ection. The first set of tests was conducted by exciting the machine at rated voltage and speed with o load and after change the setpoint of the AVR from rated voltage to zero. Different de-excitation ime responses were obtained.
The results are presented in Figure 18 . As it was expected, the slowest de-excitation time orresponds to the conventional brushless system. The use of SFB improves around 400 ms in the esponse time. Better improvements are obtained by using the HSBDS. However, the combination of oth systems, SFB + HSBDS, makes the operation even faster.
The second set of tests was conducted by swiftly changing the set-point of the AVR from rated oltage to 80%. This situation is the same as the case of a transient de-excitation when the AVR should educe the excitation voltage as fast as possible. The results are enclosed in Figure 19 , where the stator oltages for the different configurations are displayed. The slowest response corresponds to the conventional brushless configuration. In this case, the oltage raises the new set-point in a time greater than 2 s. When using the SFB, the response is similar, ut it is advanced around 400 ms. In the cases where the HSBSD is used, the voltages raise the setoint in less than 2 s. It is remarkable that in the case of using the HSBDS, there are some rebounds n the connection of the static switch mounted in the rotor. However, with the combination of both ystem SFB-HSBDS, the response is really fast and with no large overshoot. In Figure 20 as example The second set of tests was conducted by swiftly changing the set-point of the AVR from rated voltage to 80%. This situation is the same as the case of a transient de-excitation when the AVR should reduce the excitation voltage as fast as possible. The results are enclosed in Figure 19 , where the stator voltages for the different configurations are displayed.
B is closed.
In this mode, both systems are in operation, the SBF and the HSBDS. Therefore, the control F is in operation and the disconnector is open.
The results of the experimental tests are very similar to the simulations presented in the previou ction. The first set of tests was conducted by exciting the machine at rated voltage and speed wi load and after change the setpoint of the AVR from rated voltage to zero. Different de-excitatio e responses were obtained. The results are presented in Figure 18 . As it was expected, the slowest de-excitation tim rresponds to the conventional brushless system. The use of SFB improves around 400 ms in th sponse time. Better improvements are obtained by using the HSBDS. However, the combination th systems, SFB + HSBDS, makes the operation even faster.
The second set of tests was conducted by swiftly changing the set-point of the AVR from rate ltage to 80%. This situation is the same as the case of a transient de-excitation when the AVR shou duce the excitation voltage as fast as possible. The results are enclosed in Figure 19 , where the stat ltages for the different configurations are displayed. The slowest response corresponds to the conventional brushless configuration. In this case, th ltage raises the new set-point in a time greater than 2 s. When using the SFB, the response is simila The slowest response corresponds to the conventional brushless configuration. In this case, the voltage raises the new set-point in a time greater than 2 s. When using the SFB, the response is similar, but it is advanced around 400 ms. In the cases where the HSBSD is used, the voltages raise the set-point in less than 2 s. It is remarkable that in the case of using the HSBDS, there are some rebounds in the connection of the static switch mounted in the rotor. However, with the combination of both system SFB-HSBDS, the response is really fast and with no large overshoot. In Figure 20 as example is presented a record from one of the numerous tests. In this test, the voltage setup is suddenly changed. The channel 1 represents the diode bridge voltage, the channel 2 the voltage in the discharge resistor, the channel 3 represents the AVR output voltage, and the channel 4 represents the signal control for the SFB. 
Conclusions
The discharge resistor is normally used in case of electrical trip by opening the field breaker. The connection of the discharge resistor implies a large negative voltage in the field winding and consequently a very fast de-excitation is obtained.
The main novelty presented in this paper is the transient use of the discharge resistor to improve the response of a brushless synchronous machine. For this purpose, an additional static field breaker (SFB) should be installed to connect and afterward disconnect the discharge resistor and continue with the normal operation of the synchronous machine.
The proposed system has been successfully validated by simulations and experimental results in a brushless 15 MVA laboratory synchronous machine with a commercial automatic voltage regulator (AVR).
The main advantage of the transient use of the discharge resistor by a static field breaker (SFB) is the reduction of the exciter time constant. This indicates that the generator will respond before in case of transient de-excitation. According to the simulations and experimental results, the system operates around 500 ms in advance in comparison to the equivalent conventional brushless machine.
The high-speed brushless de-excitation system (HSBDS) for synchronous machines, previously developed by the authors, was originally designed to protect the machine against internal faults. It is based on the installation of a rotating discharge resistor controlled by a rotating card.
According to the results, the HSBDS can equally be used in transient operation to reduce the generator field current in a transient de-excitation. It is important to activate the HSBDS as fast as possible in order to improve the transient response of the brushless synchronous machine. Another important contribution is that the use of SFB has proved to be an efficient tool to accelerate the operation of the HSBDS in transient de-excitation. The combination of SFB with the HSBDS, also simulated and experimentally tested, improves even more the transient response even more in case of transient de-excitation.
The transient use of the discharge resistor and the control of the SFB could be implemented with an external controller, as in the tests presented in this paper, so it could be installed in existing machines. Another possibility is to use a programmable digital output of the AVR, if available, to 
The transient use of the discharge resistor and the control of the SFB could be implemented with an external controller, as in the tests presented in this paper, so it could be installed in existing machines. Another possibility is to use a programmable digital output of the AVR, if available, to control the SFB.
Although at the moment this new system has only been tested in brushless synchronous machines, a future research line is to use it in static excitation systems.
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